The potential of natural zeolite as a low-cost adsorbent was investigated for the removal of zinc from aqueous solution using a continuous fixed bed column. The zeolite tested was taken from the same source (Jabal Uniza in south Jordan) and subjected to crushing and sieving only, without any treatment. The two samples tested are UNZ1 (0.42-0.841 mm) and UNZ2 (0.21-0.42 mm). The Thomas model analysis of the measured breakthrough curves revealed that the adsorbent UNZ2 has a higher value of adsorption capacity to zinc ions (50.75 mg/g) than UNZ1 (33.68 mg/g). The time to 50% breakthrough was determined by the Yoon and Nelson model. It has been found that the time needed to reach 50% breakthrough is 2,006 minutes and 3,171 minutes for UNZ1 and UNZ2, respectively. This indicated that UNZ2 provides better performance with larger service time. Both UNZ1 and UNZ2 agreed to a high degree with the Thomas and Yoon and Nelson models.
INTRODUCTION
A significant global environmental challenge is the discharge of enormous amounts of polluted wastewater containing heavy metals due to industrial activities. Heavy metals such as lead, cadmium, zinc, mercury, lithium, and copper, if present in water at certain concentrations, are considered to be a major concern due to their toxicity and carcinogenicity, which may cause human health problems (Lu & Chiu ; Khan et al. ; Mishra & Patel ) .
Heavy metal ions are categorized as significant pollutants to the environment since due to their stability and persistency they cannot either be degraded or destroyed (Lim et al. ) .
Contamination of industrial wastewater effluents with zinc metal ions has become an environmental concern (Bose et al. ; Wilson & Pyatt ) . Huge amounts of wastewaters with high zinc ion (Zn 2þ ) concentrations are discharged to the environment by many industries, such as metal plating, the manufacture of batteries, metal fabrication, mining and mineral processing industries (Raut et al. ) . Moreover, some contamination resulting from the dissolution of zinc has been detected in water flowing through galvanized pipes and fittings. It is worthwhile to mention that zinc in trace amounts is a significant metal for the growth and health of humans, animals and plants.
However, it becomes toxic if it exceeds certain levels and can cause the desiccation of muscles, imbalance of electro- This work investigates the utilization of a low-cost natural zeolite adsorbent, which is available in enormous reserves and does not require any treatment except for size reduction and sieving. The study examines its potential as an adsorbent for removal of zinc ions using fixed bed columns.
EXPERIMENTAL
The adsorbent zeolite was obtained from the Jabal Uniza The experiments were conducted under constant conditions and the only variables to be studied were the adsorbent material (UNZ1 or UNZ2).
RESULTS AND DISCUSSION
Experiments were conducted to investigate the column performance for the adsorption of the zinc ions using the two natural zeolite adsorbents, which varied only in the size of particles (UNZ1 and UNZ2). The column performance was studied by measuring breakthrough curves under identical conditions (initial pH 5.37; initial concentration 20 mg/L (ppm); flow rate 6.7 mL/min; mass of adsorbent 20 g; bed height 20 cm). The measured experimental breakthrough curves for the adsorption of zinc ions on UNZ1 and UNZ2 are presented in Figure 3 , where the ratio of the effluent concentration (C e ) to the feed concentration (C 0 ) is plotted against time.
It is noticeable that the column performance for the adsorption of zinc ions on UNZ2 is more efficient than using the adsorbent UNZ1. It can be observed that the shorter for smaller grains, and therefore the adsorbate will more easily be adsorbed to the active sites of the zeolite particles. Moreover, smaller particles have a larger total exposed surface area and thus more active sites. Furthermore, the particle size has an important influence on the flow through the column. The smaller size particles lead to greater hydraulic resistance. This significantly influences the residence time of the solute in the column, which can be longer in the case of smaller particles. Therefore, there is a higher probability for adsorption equilibrium to be reached in the case of the smaller size particles, whereas in the case of larger size particles the solution is more likely to leave the column before equilibrium is reached.
Mathematical modelling -Thomas model
The design of an adsorption packed column requires the 
where the kinetic parameters K T and q o are the Thomas rate constant (mL/min/mg) and the maximum adsorption capacity (mg/g), respectively. V is the throughput volume (mL); M is the total mass of the adsorbent (g), C e and C 0 are the effluent and inlet solute concentrations (mg/L), respectively; Q is the volumetric flow rate (mL/min).
It is worthwhile mentioning that the Thomas model uses the familiar Langmuir isotherm. The mathematical expression described by Equation (1) The calculated Thomas model kinetic parameters in Table 1 reveal that the adsorbent UNZ2 has a higher value of adsorption capacity to zinc ions (50.75 mg/g) than UNZ1
(33.68 mg/g). In general, the zeolite used has a high capacity and can be used for long term operations for wastewater treatment by implementing fixed bed technology. The high adsorption capacity of the tested zeolites is attributed to their porous structure. Zeolites have a cage-like structure with open channels. On the other hand, zeolite has a high potential to exchange its alkaline cations with zinc ions. 
where C e and C o are the effluent and inlet zinc ions concentration (mg/L); K YN is the Yoon and Nelson rate constant (min -1 ); τ is the time required for 50% adsorbate breakthrough (min) and t is the bed service time (min). The plot of the experimental breakthrough curve (Figure 3 ) according to the linearized Yoon and Nelson model (Equation (2)) is displayed in Figure 6 . Table 2 .
An important kinetic design parameter is the time to 
